The molecular basis for replication-dependent expression ofthymidine kinase (TK) activity (EC 2.7.1.21) was investigated in mouse skeletal muscle cells transformed with multiple copies of the chicken TK gene. When shifted to mitogen-depleted medium, proliferating myoblasts irreversibly withdraw from the cell cycle and commit to terminal differentiation. Early after commitment, postreplicative myocytes maintain nearly proliferative levels of TK mRNA but have greatl1 reduced levels ofTK activity. Metabolic labeling studies with [ S]methionine indicated that the decrease in TK activity was associated with a 10-fold reduction in the rate of TK protein synthesis. Commitment had little effect on the stability or catalytic efficiency of TK protein. The decrease in TK synthetic rate in the continued presence ofTK mRNA indicated that translation of TK mRNA was repressed in committed cells. The distribution of TK mRNA between ribonucleoprotein particles and polysomes was determined. In both proliferative cells and committed cells, TK mRNA levels were maximal in polysomes containing five to seven ribosomes. Thus, the synthesis ofTK protein in nonreplicating muscle cells was inhibited by a translational mechanism that did not alter the average number of ribosomes engaged by TK mRNA.
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The deoxynucleoside triphosphates required for genome replication are facultatively produced. Production of these DNA precursors is depressed in nonreplicating cells. Flux through the precursor biosynthesis pathway is thought to be controlled by allosteric feedback mechanisms and by the cellular levels of specific rate-limiting enzymes (1) . The induction of nucleotide biosynthetic enzymes at the onset of DNA replication likely is a late step in the cascade of events initiated by growth factor stimulation and oncogene activation. Identification ofthe inducing factor is dependent on first establishing the level at which it acts.
Thymidine kinase (TK; ATP:thymidine 5'-phosphotransferase, EC 2.7.1.21) is an example of an enzyme involved in DNA-precursor biosynthesis that is expressed in a replication-dependent manner. S-phase cells have higher TK activity levels than G1 cells (2) . Similarly, growth-arrested quiescent cells and terminally differentiated postreplicative cells have less TK activity than their proliferating counterparts (3) . Numerous studies have established a positive correlation between TK mRNA levels and activity levels (4-6); however, we and others have noted that the changes in mRNA levels are much smaller than can account for the large changes in activity levels (5, 7, 8) .
If substantial TK mRNA persists in nonreplicating cells, why is it not expressed as TK activity? Three basic mechanisms are envisionable: (i) the mRNA is poorly translated; (ii) the mRNA is translated but the protein is rapidly degraded; (iii) the protein is maintained in an inactive state. To investigate the regulatory mechanism, we measured chicken TK mRNA levels, protein levels, protein synthesis rates, and protein half-lives in mouse muscle cell multicopy transformants that permanently withdraw from the cell cycle as part of their differentiation program. We show that the disappearance of TK activity in postmitotic muscle cells was associated with a multifold decrease in the translational efficiency of TK mRNA. The distribution of TK mRNA on polysomes did not change with differentiation, suggesting that translational control was occurring at a postinitiation level.
MATERIALS AND METHODS
Mouse muscle cells were grown and induced to differentiate as described (8) . The time in mitogen-depleted medium required to achieve a <1% [3H]thymidine labeling index varied from 18 to 24 hr. By means of Ca3(PO4)2 precipitation (8), TKmyoblasts (3) were transformed with multiple copies of the chicken TK gene by exposure to 10 gg of a 30:1 (wt/wt) mixture of plasmids pCHTKfl and pKNeo (8) and selection with the neomycin analogue G418 (400 gg/ml). To facilitate immunological detection of TK protein, only transformants expressing high levels of TK activity were used. High gene dosage (5-20 copies per cell) did not disrupt the normal regulatory mechanism, as the pattern ofTK activity regulation in multicopy transformants was indistinguishable from that in single-copy transformants or in nontransformed wild-type muscle cells expressing the endogenous TK gene (3, 5, 8) .
TK activity was assayed as described (3) . TK mRNA levels were assayed either by formaldehyde/agarose gel Northern blot hybridization or RNase protection (8 (Fig. 1A) . To derive absolute TK mRNA levels, the hybridization signal in proliferative (lane 7) and committed (lane 8) cell samples was compared to a set of SP6-generated TK pseudo-mRNA standards of known molarity (lanes 1-6). The pseudo-mRNA was shorter than native TK mRNA because it lacked the final 580 residues of the 3' nontranslated region (5 Fig. 1B . The prominent 25-kDa band was judged to be TK because it was the size predicted from the TK cDNA; it was not observed when proliferative cell extracts were precipitated in the absence of antibody (lane 12) or with preimmune serum (8) , and it was not observed when proliferative cell extracts from nontransformed TK-myoblasts were precipitated in the presence of antibody (8) . Several antibody-enhanced, constitutively expressed, higher molecular weight polypeptides were present in muscle cell immunoprecipitates. Similar bands are observed in HeLa cell extracts immunoprecipitated with a human TK antibody (7) . We have no cogent explanation for the extra bands. To quantitate the extent of [35S]methionine incorporation into TK, fluorograms of lanes containing proliferative (lanes 1-6) and committed (lanes 7-11) cell samples were scanned with a densitometer. TK band intensity was linear with time for short incubations (-20 min) but increased asymptotically thereafter (Fig. 1C) Fig. 1C ) and contained 337 TK mRNAs per cell (Fig. 1A) Catalytic Efficiency of TK Protein in Proliferating and Committed Muscle Cells. An additional mechanism that potentially could have contributed to the mRNA-independent decline of TK activity in nonreplicating cells was that the catalytic rate (turnover number) of the protein molecule was regulated. Allosteric regulation by a ligand that remains bound to the protein in cell-free extracts was feasible. Alternatively, the protein may undergo covalent modifications that alter intrinsic activity. A quantitative comparison of changes in TK activity and protein levels would reveal whether the catalytic activity of TK protein was subject to regulation. Knowing the half-life of TK protein, we could estimate TK protein levels by quantitating TK-associated radioactivity in cells given long incubations with [35S]methionine. For the fluorogram in Fig. 3, proliferating (lane 1) and committed (lane 2) cells were incubated 2 hr with [35S]methionine. Serial dilutions of the proliferative cell extract (lanes 3-5) were used to correct for nonlinearity of the film response between the highest and lowest doses. Based on densitometric scanning, committed cells incorporated 87% less radioactivity into TK protein than proliferative cells. As an alternative measure of protein levels, gel slices containing TK bands were excised and radioactivity was determined by liquid scintillation. As shown at the bottom of Fig. 3 , the TK band from committed cells contained 81% less radioactivity than the corresponding band from proliferative cells. Thus, based on densitometry and liquid scintillation counting, the average estimated decrease in TK protein in the experiment shown in Fig. 3 was 84%. Measurements on parallel cultures indicated that TK activity decreased 82%, closely mirroring the decrease in protein. TK protein and activity levels were measured in several experiments similar to the one illustrated in Fig. 3 ; in all cases where TK protein was quantifiable in committed cells, the size of the decline in protein levels matched the size of the decline in activity a decrease in the efficiency with which TK mRNA was translated into TK protein.
In most systems where translational regulation has been demonstrated, control is exerted at the level of initiation (11, 12) . Often, the nontranslated mRNA is sequestered in nonpolysomal ribonucleoprotein particles (RNPs) (13) . To determine whether poor TK mRNA translation in committed cells was due to mRNA sequestration in RNPs, cell lysates were fractionated in sucrose gradients, and the distribution of TK mRNA between RNPs and polysomes was determined. Fig. 4A shows polysome profiles from proliferating and committed cells. Traditionally, RNPs are described as comigrating with the 40S and 60S peaks. Gradient fractions were pooled as indicated and assayed for TK mRNA by a RNase protection assay (5) . As shown in Fig. 4B DISCUSSION The type of translational regulation controlling TK synthetic rates is unusual. In most cases where changes in the translational efficiency of specific mRNAs have been demonstrated, regulation involves alterations in the rate of polypeptide initiation (14, 15) . Often, the nontranslated mRNA is sequestered in nonpolysomal RNPs, by a mechanism involving cis-acting information in the 5' nontranslated region of the mRNA (11, 12) . However, precedents for translational regulation at a postinitiation level exist. The synthesis of many non-stress proteins in heat-shocked Drosophila cells or drugstressed HeLa cells is suppressed by a mechanism that does not affect the polysome distribution of the encoding mRNA (16, 17) . Similar results were obtained for reduced synthesis of catalase and ribulose-1,5-bisphosphate carboxylase in light-deprived plants (18, 19) . In the above cases, control at the level of polypeptide elongation was invoked.
A tenable model for elongational regulation of TK protein synthesis must explain both specificity and the observation that the number of ribosomes associated with TK mRNA remains constant. Perhaps in committed cells sequences near the 5' and 3' ends of the TK coding region may interact, trapping ribosomes within a large loop-like structure. Alternatively, a regulatory entity that recognizes a specific sequence on TK mRNA, but subsequently becomes distributed throughout the message, may assume a conformation that impedes ribosome progress in nonreplicating cells. Other models positing the blockage of elongation at a unique site on the mRNA seem less likely because, in their simplest form, they predict a change in polysome size. If the arrest site were early on the message, downstream ribosomes would complete translation and polysome size would decrease. If the arrest site were late on the message, ribosomes would stack up and polysome size would increase. Given the observed constancy of polysome size, our working hypothesis is that TK mRNA and related mRNAs are poised on polysomes throughout the cell cycle but are only able to support polypeptide elongation in response to an intracellular signal generated in S-phase cells.
